The purpose of this work was to explore the kinetics of naphthalene adsorption on an 8 activated carbon from aqueous and organic solutions. Kinetic curves were fitted to different 9 theoretical models, and the results have been discussed in terms of the nature and properties 10 of the solvents, the affinity of naphthalene to the solutions, and the accessibility to the 11 porosity of the activated carbon. Data was fitted to the pseudo-second-order kinetic model 12 with good correlation coefficients for all the solution media. The faster adsorption rate was 13 obtained for the most hydrophobic solvent (heptane). The overall adsorption rate of 14 naphthalene seems to be controlled simultaneously by external (boundary layer) followed 15 by intraparticle diffusion in the porosity of the activated carbon when water, ethanol and 16 cyclohexane are used as solvents. In the case of heptane, only two stages were observed 17 (pore diffusion and equilibrium) suggesting that the limiting stage is the intraparticle 18 diffusion. The low value of the boundary thickness supports this observation. 19
INTRODUCTION 22
Polycyclic aromatic hydrocarbons (PAH) constitute an important class of highly toxic 23 environmental pollutants, which are known to present mutagenic and carcinogenic 24
properties. Due to their high mobility and long persistence in the environment, these 25 compounds are included in the list of priority pollutants of the European Environmental 26
Agency (Directive 2000/60/EC) and their concentration is regulated in drinking water 27 (WHO, 2006) . Despite this, they have been identified in a variety of waters and 28 wastewaters (Douben, 2003; Williams, 1990) since they are associated to a number of 29 industrial sources such as incomplete fuel combustions and cokemaking. 30
As a consequence of their low biodegradability, adsorption on activated carbons is 31 nowadays one of the most attractive techniques for the removal of PAH from wastewater. 32
Despite having been the subject of plentiful studies in the literature, investigation of the rate 33 and mechanisms of the adsorption process itself and the role of the characteristics of the 34 adsorbent are still ambiguous and remain unclear (Walters et al., 1984; Seredych et al., 35 2004 , Ania et al., 2007a Valderrama et al., 2007 Valderrama et al., , 2008 . 36
It is generally accepted that non-polar compounds, such as naphthalene, are predominantly 37 retained due to dispersive forces, as opposed to the adsorption of polar compounds 38 involving specific interactions (Radovic et al., 2000) . However, at the solid/liquid interface 39 water. Final aqueous solutions contain less than 5 wt.% alcohol. All the chemicals of the 67 highest purity were purchased from Panreac. 68
Adsorption studies 69
Kinetics measurements of naphthalene adsorption were explored from batch experiments at 70 30 ºC using water, cyclohexane or heptane as the solvents, as described elsewhere (Ania, et 71 al. 2008) . Briefly, about 50 mg of the activated carbon were accurately weighed and placed 72 in dark glass flasks containing a constant volume of naphthalene solution of initial 73 concentration 30 mg L -1 . The suspensions were vigorously stirred (100 rpm) in a 74 thermostatic regulated bath. Small samples of the solution (~1.5 mL) were taken out at 75 predetermined time intervals to measure the evolution of the adsorbate concentration in the 76 supernatant liquid, using a UV spectrometer. The extracted samples were reintroduced in 77 the flasks in order to avoid changes in the total volume of solution. Blank experiments were 78 also carried out to verify that losses by volatilization or adsorption on the flaks walls do not 79 occur. The amount adsorbed, q t , was calculated from the equation 80
where C o is the initial concentration, C t the remaining concentration on the solution, V is 82 the volume of the solution and m the mass of the adsorbent. 83
Kinetic theoretical models 84
Naphthalene adsorption kinetics on an activated carbon from diluted solutions with 85 different media was modelled by using several simplistic mathematical expressions that 86 5 2003) and the Elovich model (Chien and Clayton, 1980) . In the latter, the sorption process 88 is described as a group of mechanisms such as diffusion in the bulk solution, surface 89 diffusion, and activated catalytic surfaces. The simplified version of the Elovich equation, 90
proposed by Chien and Clayton (1980) was used: 91 The evolution of the concentration of naphthalene as a function of time, plotted as C/C 0 111 along time, is shown in Figure 1 . It can be observed that there is an initial stage where 112 naphthalene uptake is very fast, followed by a second one in which the uptake steadily 113 increases up to equilibrium conditions. The fast initial stage is sharper in water medium, 114
where the removal of naphthalene is almost complete within few hours. The longer 115 retention times required to reach equilibrium when adsorption occurs from organic solvents 116 point out the larger affinity of naphthalene molecules towards the organic phase (compared 117 to the aqueous solution). This observation is also corroborated by the fact that naphthalene 118 uptake is largely suppressed when adsorption occurs from organic solutions, compared to 119 aqueous phase. This seems reasonable given the higher solubility of naphthalene in organic 120
solutions (see Table S2 between all three models, and the sorption of naphthalene seems to be well represented by 133 three kinetic models studied. However, the low coefficient of determination (R 2 ) obtained 134 with the Elovich and pseudo-first order models suggest that they may not be suitable to 135 describe the kinetics of naphthalene adsorption on activated carbons. In contrast, the 136 pseudo-second order model gives satisfactory fitting with high correlation and 137 determination coefficients. Moreover, the amount adsorbed -q e -predicted by this model 138 agrees better with the experimental data obtained for all the solvents studied, as shown in 139 Table 2 . Thus, the pseudo-second order model is more suitable to describe the adsorption 140 kinetics of naphthalene from liquid phase. Similar results on the retention of several PAH 141 from aqueous phase using activated carbons and zeolites have been reported (Chang et al., 142 2004; Valderrama et al., 2007a Valderrama et al., ,b, 2008 . 143
Concerning the pseudo-second order rate constant, k 2 , the values quoted in Table 1 follow 144 the sequence: heptane >> water > ethanol > cyclohexane. In aqueous medium, the rate 145 constants are comparable to those reported for various polyaromatic hydrocarbons on 146 carbon-based adsorbents (Valderrama et al., 2007a (Valderrama et al., ,b, 2008 . Moreover, the value obtained 147 for heptane is an order of magnitude larger than the values corresponding to the other 148 solvents. A close look to these values indicates that there does not seem to be a direct 149 correlation between the rate constant (k 2 ) and either the polarity (hydrophobic nature) of theinstance, the kinetics from heptane solutions (high naphthalene solubility) is almost than 152 three times faster than in water, where the solubility is significantly reduced. 153 Naphthalene solubility in the studied media may be linked to the Gibbs energy of solution, 154 which being smaller in the organic solvents (lower positive values of ΔG sol ; see Table S2 On the one hand, the affinity of non-polar naphthalene towards the liquid phase (i.e., bulk 168 solution) is enhanced when non-polar organic solvents (i.e., heptane and cyclohexane) are 169 employed, as confirmed by the solubility data and Gibbs energies of solution (Table S2 in  170 Supplementary Information). On the other hand, the hydrophilic/hydrophobic nature of the 171 solvent cannot be disregarded in diluted solutions, where the solvent can compete with 172 naphthalene for the active sites of adsorption on the activated carbon. The competitive 173 effect of the solvent would be controlled by its affinity for the carbon surface (wettability)and/or accessibility restrictions. In the case of activated carbons, non-polar solvents present 175 higher affinity for the carbon surface; therefore the wettability of the carbon is enhanced 176 when adsorption occurs from heptane and cyclohexane than from water and ethanol. 177
Additionally, earlier investigations (Cabal et al., 2009 ) have demonstrated that the small 178 pores (narrow micropores) are not accessible for the large cyclohexane molecules. This 179 factor becomes important taking into account that, for this activated carbon, the 180 contribution of narrow microporosity accounts for 30% of the overall pore volume (Table  181 S1 and Figure S1 in the Supplementary Information). This fact should contribute to 182 decelerate the overall adsorption rate of naphthalene on the carbon when cyclohexane is 183 used as solvent. 184
Based on the 2 nd order model, the initial adsorption rate (h 0 ) and the half adsorption time 185 (τ½) can be estimated according to the equations: 186 h 0 = k 2 q e 2 (5) 187 τ ½ = 1/k 2 q e (6) 188
Half-adsorption time, τ 1/2 , is defined as the time required for the adsorption to take up half 189 as much naphthalene as the amount adsorbed when the equilibrium is reached, and it is 190 often used as a measure of the overall adsorption rate. 191
The highest initial adsorption rate (h 0 ) is obtained from the aqueous solution (Table 1) show similar values which are about 1.6 times higher than in the case of cyclohexane. This 195 could be attributed to the above-mentioned accessibility restrictions for cyclohexane 196 molecules that are known to hinder the amount adsorbed (Ania et al., 2008; Cabal et al., 197 2009 ). Thus, it appears that not only the equilibrium uptake is restricted but also the rate of 198 adsorption may be affected, as both the global adsorption rate (k 2 ) and the initial rate of 199 adsorption (h 0 ) are slowed down. 200
The elapsed time for half naphthalene uptake (τ ½) follows the sequence: water (24 min 
Analysis of intraparticle diffusivity mechanisms 211
In this study, the intraparticle diffusion model (equation 3) has been used as a first approach 212 for identifying the limiting adsorption step and the diffusion/transport mechanisms during 213 naphthalene adsorption on an activated carbon from different media (Figure 3) . 214
The multi-linear nature of the intraparticle diffusion plots for all the solutions indicates the 215 simultaneous occurrence of several adsorption stages: boundary layer diffusion, followed 216 by intraparticle diffusion in the inner porosity of the carbon materials, and finally the 217 equilibrium. Similar behaviours have been reported for the retention of various moleculeson activated carbons (Koumanova et al., 2007; El-Khaiary, 2007) . All the solvents 219 displayed 3 differentiated stages, with the exception of heptane that exhibits only 2 linear 220 parts. The first linear step represents the external mass transfer (adsorbate diffusion in the 221 boundary layer); the second one accounts for the gradual adsorption stage where 222 naphthalene molecules diffusion through the porosity of the activated carbon, and finally a 223 horizontal line illustrates the plateau of the equilibrium (Medley and Andrews, 1959) , 224 which is nearly parallel in all the solvents. In the case of heptane, the boundary diffusion is 225 not observed, the first linear stage being attributed to the intraparticle diffusion. 226
The rate constants of external mass transfer (k s ) were determined from the slope of the C/C o 227 plot against time (Figure 1 ), fitting the data corresponding to the first linear region 228 governed by the boundary diffusion (i.e., external mass transfer is dominant). The largest 229 value (Table 1) The time elapsed until intraparticle diffusion starts controlling the rate of adsorption 234 increased with the hydrophobicity of the solvent, ranging from 120 min in the case of 235 water, up to 366 and 374 min for ethanol and cyclohexane, respectively. Thus it appears 236 that the diffusion of naphthalene molecules through the boundary layer is favoured in 237 aqueous solution, likely due its lower affinity for water. 238
The intraparticle diffusion parameter, k P , was determined from the slope of the second 239 linear region in Figure 3 (first linear region for heptane). The calculated values (Table 1) In contrast the intercept, which is associated to the boundary layer thickness (B), increases 246 with the polarity of the solvent (Table 1 ). The lowest value is obtained for heptane (the 247 intercept is almost zero), indicating a small film resistance to mass transfer surrounding the 248 adsorbent particle. This fact, along with the absence of the mass transfer linear section in 249 Figure 3 , suggests that the stage of pore (intraparticle) diffusion is the limiting step in the 250 rate of the global adsorption process. This also confirms that the mobility of the 251 naphthalene/heptane system is higher, which is in good agreement with the faster overall 252 adsorption rate evaluated from the pseudo-second order constant (Table 1) . 253
Moreover, a linear correlation has been found between the boundary thickness (B) and the 254 amount adsorbed evaluated at the equilibrium plateau (r 2 = 0.992), confirming the tendency 255 of naphthalene molecules to remain in the organic solutions. 256
Thus naphthalene adsorption rate from heptane solutions can be understood in terms of the 257 solvent properties and the occurrence of competitive adsorption. Being a highly 258 hydrophobic molecule, heptane competes with naphthalene for the active sites on the 259 activated carbon. Since diluted solutions are used, the diffusion of heptane inside the 260 porosity of the carbon is expected to be favoured (higher wettability and/or affinity), and 261 therefore the external mass transfer is enhanced (kinetic restrictions negligible). On the 262 contrary, the pore diffusion process would be decelerated likely at expenses of the 263 competitive effects. 264
As for the equilibrium plateau (last stage), this is achieved in the aqueous solution after 180 265 min, whereas longer times are required for the organic solvents (above 1000 min). This 266 confirms the longer times needed for the organic solvents to reach equilibrium deduced 267 from the experimental assays. 268
269

CONCLUSIONS 270
The adsorption of naphthalene on activated carbon from various solution media is best 271 described by the pseudo-second-order reaction kinetics which provides the best correlation 272 of the data regardless the polarity of the solvents employed. However, it is evidenced that 273 the retention of naphthalene on different media is a complex process and the overall 274 adsorption process can not be sufficiently described by a single kinetic model. Intraparticle 275 diffusion played an important role, but it cannot be considered as the sole rate-limiting step 276 during the adsorption within the studied systems. 277
The global adsorption rate of naphthalene appeared to be controlled simultaneously by 278 external (boundary layer) followed by intraparticle diffusion in the porosity of the activated 279 carbon when water, ethanol and cyclohexane are used as solvents. In the case of heptane, 280 only two stages were observed (pore diffusion and equilibrium), suggesting that the 281 limiting stage is the intraparticle diffusion. The low value of the boundary thickness 282 supports this observation. 283
The affinity and solubility of naphthalene molecules with the solvent strongly affects both 284 the adsorption rate and the amount adsorbed The adsorbent used in this work is a commercial granular activated carbon, specially 403 tailored for the treatment of industrial wastewater and drinking water. It was produced by 404 physical activation of coal and supplied by Agrovin S.A (Spain). A particle size fraction of 405 0.71-1 mm was used for the experiments. Details on the methods of characterization along 406 with a more detailed description have been reported previously (Ania et al., 2007b) . Here 407 we are summarizing the main details for data interpretation. 408 
